Introduction
Status epilepticus (SE), a period of seizure activity lasting longer than 5 min, is considered a neurological emergency and is associated with significant morbidity and mortality. In people with epilepsy, the most common precipitant of SE is a change in medication, however SE can occur in people that have experienced brain trauma, metabolic insults or that have been exposed to toxic chemicals including organophosphorus compounds and nerve agents [1, 2] . Prolonged SE can result in neuronal injury, epilepsy and cognitive impairment while mortality associated with SE occurs in approximately 20% of patients [3] [4] [5] . Age and the underlying etiology tend to be the best predictors of SE associated mortality however the underlying mechanism(s) responsible for morbidity and mortality are unclear [6] .
Current treatment of SE in patients and animals is focused on the prompt delivery of benzodiazepines such as diazepam or midazolam [7] . Additionally, in animal models of SE induced by chemoconvulsants, organophosphate toxicity, or nerve agent exposure, anticholinergics such as scopolamine or atropine are often employed [8] . Despite these various lines of treatment options, SE-associated mortality persists, necessitating the identification of novel therapeutic targets. The CounterACT program is a trans-NIH initiative whose mission is to develop medical countermeasures to prevent and/or treat conditions caused by exposure to nerve agents including SE, SErelated mortality, neuronal injury and cognitive dysfunction [9] [10] [11] . Because nerve agent-induced seizures and epileptic seizures share common neuronal mechanisms Abstract Status epilepticus is a common manifestation of nerve agent toxicity and represents a serious medical emergency with high rates of mortality and neurologic injury in those that survive. The aim of the current study was to determine if targeting oxidative stress with the catalytic antioxidant, AEOL10150, would reduce pilocarpine-induced mortality and attenuate neuronal death and neuroinflammation. We found that treatment with AEOL10150 in conjunction with scopolamine and diazepam following pilocarpine-induced SE was able to significantly reduce mortality compared to treatment with just scopolamine and diazepam. Mortality was further reduced when AEOL10150 was used in conjunction with atropine and diazepam which is considered the standard of care for nerve agent exposures. Both treatment paradigms offered significant protection against SE-induced oxidative stress. Additionally, treatment with scopolamine, AEOL10150 and diazepam attenuated SE-induced neuronal loss and neuroinflammation. Taken together, the data suggest that pharmacological targeting of oxidative stress can improve survival and attenuate secondary neurological damage following SE induced by the nerve agent surrogate pilocarpine.
and phenotypes, countermeasures that prevent mortality and/or treat secondary changes induced by nerve agents, hold promise for the treatment of epilepsy [12] . Additionally, interventions that are identified in epilepsy models hold promise for treating nerve agent exposures particularly those identified in the pilocarpine model as both pilocarpine and nerve agents induce seizures through the cholinergic system. For this reason and its reduced likelihood to be weaponized, pilocarpine is considered a surrogate nerve agent for comparative research [13] .
Work from this laboratory has demonstrated that oxidative stress is an important consequence of the nerve agent surrogate, pilocarpine [14] . Oxidative stress occurs when there is an imbalance in the redox environment resulting from excessive production of reactive species [15] . Previous data have demonstrated that prolonged seizures and SE via multiple mechanisms are sufficient to oxidatively damage DNA, proteins and cellular lipids resulting in neuronal damage, gliosis and cognitive dysfunction [16, 17] . Targeting oxidative stress may therefore hold particular promise to improve SE-related neurological consequences and perhaps attenuate SE-related mortality as well.
AEOL10150 is a broad spectrum catalytic antioxidant with the ability to scavenge O 2 − H 2 O 2 , ONOO − and inhibit lipid peroxidation [18] [19] [20] [21] . Metalloporphyin catalytic antioxidants have shown efficacy in attenuating oxidative stress in a wide range of animal models of disease [17, 22, 23] . That AEOL10150 inhibits a broad spectrum of reactive oxygen species (ROS) and can cross the blood brain barrier to achieve therapeutic concentrations in brain, make it a useful tool to evaluate our hypothesis that oxidative stress contributes to SE-related mortality and secondary neurological damage [17] . We have previously reported that a brief treatment period with AEOL10150 starting 1 h after pilocarpine-induced SE reduced neurodegeneration measured 24 h after SE and cognitive deficits measured 7 days after SE [17] . The goal of this manuscript was twofold. The first goal was to determine if treatment with AEOL10150 in combination with scopolamine and diazepam or atropine and diazepam could attenuate SE-related mortality and whether scopolamine or atropine, afforded better protection. Atropine is considered part of the standard of care for nerve agent toxicity although scopolamine could serve a similar function in instances when atropine is not available. The second goal was to evaluate indices of oxidative stress after pretreatment or posttreatment with AEOL10150 and neuronal injury following pilocarpine-induced SE. Results from these studies have the potential to identify oxidative stress as a novel therapeutic target to attenuate mortality and secondary injury associated with nerve agent toxicity and epilepsy itself.
Materials and Methods

Reagents
All reagents were purchased from Sigma Aldrich unless otherwise noted. Manganese(III) meso-tetrakis (di-N-ethylimidazole) porphyrin or AEOL10150 (also known in the literature Mn III TDE-2-ImP 5+ ) was pharmaceutical grade and obtained from Aeolus Pharmaceuticals.
Animals
Animals were treated in accordance with NIH guidelines and all experimental protocols were approved by the Institutional Animal Care and Use Committee at the University of Colorado Denver. Adult, male Sprague-Dawley rats (250-300 g; Harlan Laboratories, Indianapolis, Indiana), were utilized for all experiments. Upon arrival, rats were group housed on a 14/10 light/dark cycle with ad libitum access to food (Harlan rat chow) and filtered water. After 1 week of acclimation, rats were randomly assigned to various treatment groups. Certain experimental rats were injected with scopolamine hydrobromide (1 mg/kg) 30 min prior to pilocarpine (340 mg/kg) or atropine sulfate (2 mg/ kg) 10 min after pilocarpine to limit peripheral cholinergic effects. In certain groups, diazepam (10 mg/kg) was given 90 min after pilocarpine to terminate SE. Rats that served as controls were given either scopolamine or atropine and diazepam, as appropriate per experiment and received saline instead of pilocarpine. All pilocarpine-treated rats were visually monitored during SE and behavioral seizures were scored using a modified Racine scale [24] . Briefly, seizures were scored on the following scale: P1-freezing behavior, P2-head nodding, P3-unilateral forelimb clonus, P4-bilateral forelimb clonus with rearing, and P5-bilateral forelimb clonus with rearing, falling, and/or hind limb clonus.
Catalytic Antioxidant Treatment
Rats were treated with the metalloporphyrin catalytic antioxidant, AEOL10150 (5 mg/kg s.c.) dissolved in saline or saline alone starting 30 min prior to pilocarpine or 90 min after pilocarpine and continuing every 4 h until sacrifice (for most endpoints-24 h). We have previously shown that this compound can pass the blood-brain barrier in therapeutically relevant concentrations when given 1 h after SE and every 4 h thereafter at a dose of 5 mg/kg [17] . This dosing regime was sufficient to attenuate indices of oxidative stress, neuronal loss and cognitive dysfunction induced by pilocarpine administration [17] . Treatment time-points of 30 min prior to and 90 min after pilocarpine were selected to determine a therapeutic window for the protective effects of AEOL10150. Pilot studies determined that treatment of rats with AEOL10150 alone had no effect on indices of oxidative stress in the control group and therefore this group was not included in further analyses.
Measurement of Redox Biomarkers by HPLC
Glutathione (GSH), glutathione disulfide (GSSG), tyrosine and 3-nitrotyrosine (3-NT) assays were performed 24 h after SE with an ESA (Chelmsford, MA) 5600 CoulArray HPLC equipped with eight electrochemical cells following the company instruction (ESA Application Note 70-3993) and previously described in the literature with small modifications [17, 23, 25] . The level of 3-NT was expressed as a ratio of 3-NT to tyrosine. Samples were randomized and blinded before assessment.
Immunohistochemistry
Sections (15 µm) were cut coronally through paraffinembedded hippocampus and stained with Fluoro-Jade B (FJB; Histo-Chem) as previously described [17, 26] . The staining solution for FJB (0.004% Fluoro-Jade B in 0.1% acetic acid vehicle) was prepared fresh. After a 15 min incubation in the staining solution, the sections were rinsed and dried. The sections were cleared by xylene for at least a minute before coverslipping with DPX. IBA1 staining (Wako, Cat. No. 019-1971) was performed for reactive microgliosis according to the manufacturer's instructions. Briefly, sections were deparaffinized and rehydrated in sequential steps. Sections were incubated with the primary antibody diluted 1:500 in 1% goat serum PBS-T. After an overnight incubation with the primary antibody, the sections were rinsed and incubated with the secondary antibody, rhodamine red (goat anti-rabbit conjugated Jackson Immuno Research Inc., 1:100 in PBS-T) for 1 h. Sections were washed, cleared in xylene and coverslipped using DPX mounting medium. A Nikon Eclipse TE2000-U microscope was used to capture images at 10× magnification. Quantification of the average florescence intensity within a given area was performed using Image-J software. Imaging was performed using a Nikon Eclipse TE2000-U microscope. Using Image-J, the FJB or IBA1 positive signal of areas of interest (hippocampal areas CA3 and hilus) was measured. The average of the fluorescent relative density was quantified for each animal and the group average was expressed as percentage of the control.
Statistical Analysis
Effects of group treatment on indices of oxidative stress were compared by one-way analysis of variance (ANOVA). Significant effects (p < 0.05) were probed using Tukey post-tests. Survival analysis was performed using the Kaplan-Meier method. All data are expressed as mean ± SEM unless otherwise noted. All analyses were performed using GraphPad Prism 5 software.
Results
While the direct measurement of ROS is complicated by the innate reactivity and labile nature of the radical, measurement of alterations to the redox status of glutathione (GSH/GSSG) and protein nitration are quantifiable and specific to oxidative/nitrosative stress. To determine whether pilocarpine-induced SE results in oxidative stress, rats pretreated with scopolamine followed 30 min later by pilocarpine and diazepam 90 min after pilocarpine were assessed for glutathione (GSH/GSSG) redox status and protein nitration (3NT/tyr) 24 and 48 h after pilocarpine administration. Relative to control rats that received pretreatment with scopolamine, saline rather than pilocarpine followed by diazepam, the hippocampi of rats pretreated with scopolamine followed by pilocarpine and diazepam had significantly depleted levels of reduced glutathione (GSH) at both 24 h (p < 0.001) and 48 h (p < 0.001; Fig. 1a) . Additionally, levels of oxidized glutathione (GSSG) were significantly Fig. 1 Oxidative stress in rats treated with pilocarpine after 24 and 48 h. a GSH, b GSSG levels, c GSH/GSSG ratio and d 3NT/Tyr ratio were measured in the hippocampi of saline and pilocarpine treated rats at 24 and 48 h. ***p < 0.001 compared to saline injected control elevated at both time points (p < 0.001, p < 0.001; Fig. 1b) , resulting in a significant depletion of the overall ratio of GSH:GSSG (p < 0.001, p < 0.001; Fig. 1c ). The ratio of 3-NT/tyrosine was significantly increased in the hippocampus of the pilocarpine group at both 24 h (p < 0.001) and 48 h (p < 0.001; Fig. 1d ).
To assess whether oxidative stress contributes to mortality associated with SE, a cohort of rats were treated with scopolamine, pilocarpine, diazepam and either saline or a catalytic antioxidant known to attenuate SE-induced oxidative stress, AEOL10150 [17] . Survival was followed for 48 h and plotted in Fig. 2 . Pilocarpine-induced mortality was the highest in the first 24 h after SE with the mortality in the saline group at approximately 56% compared to 20% in the AEOL10150 treated group, representing a significant improvement in survival by AEOL10150 (p < 0.05; Fig. 2) .
We next evaluated SE-related mortality rates of various treatment strategies including pilocarpine alone, with no other standard therapies; scopolamine with pilocarpine and diazepam; atropine with pilocarpine and diazepam; scopolamine, pilocarpine, diazepam and AEOL10150; and atropine, pilocarpine, diazepam and AEOL10150 (Table 1) . Pilocarpine alone, without standard therapy resulted in substantial mortality, approximately 57%. Pretreatment with scopolamine and post-treatment with diazepam reduced the mortality rate of pilocarpine treated rats to around 44% and addition of AEOL10150 to scopolamine and diazepam further reduced mortality to 23%. A 31% mortality rate resulted from treatment with pilocarpine followed by atropine and diazepam. When AEOL10150 was given in addition to atropine and diazepam, SE-induced mortality in pilocarpine-treated rats was completely prevented.
Given that treatment with AEOL10150, scopolamine and diazepam was able to attenuate SE-induced mortality, we next asked if this treatment combination was able to attenuate SE-induced oxidative stress. Additionally we sought to identify a therapeutic window for maximal effects and therefore AEOL10150 was given at two time points: 30 min prior to pilocarpine (pretreatment), and 90 min after pilocarpine (post-treatment) and continuing every 4 h until tissue was collected at 24 h. Previous work from our laboratory has reported the effects of posttreatment of AEOL10150 when started 60 min after pilocarpine in the presence of scopolamine and diazepam on pilocarpineinduced oxidative stress and neuronal injury [17] . Relative to control rats (scopolamine, saline and diazepam), pilocarpine-induced SE in the presence of scopolamine and diazepam resulted in depleted GSH (p < 0.001) which was attenuated by 30 min pretreatment with AEOL10150 (p < 0.01) but not 90 min post-treatment (Fig. 3a) . GSSG levels were significantly elevated in those rats experiencing SE relative to controls (p < 0.01) and were attenuated by 30 min pretreatment (p < 0.01) but not 90 min posttreatment with AEOL10150 (Fig. 3b) , pretreatment with AEOL10150 thereby significantly improved the ratio of GSH:GSSG in the hippocampus (p < 0.001; Fig. 3c ). Similarly, the ratio of 3-NT/tyrosine, which was increased in the hippocampus after pilocarpine-induced SE (p < 0.001), was significantly decreased by both 30 min pretreatment (p < 0.001) and 90 min post-treatment with AEOL10150 (p < 0.05; Fig. 3d ).
To determine if treatment with atropine in conjunction with diazepam and AEOL10150 offered protection from SE-induced oxidative stress, GSH redox status and protein nitration was assessed. Compared to pilocarpine alone, treatment with atropine and diazepam significantly improved levels of GSH (p < 0.05) which AEOL10150 (5 mg/kg starting 60 min after pilo and every 4 h thereafter) was able to further improve (p < 0.001; Fig. 4a ) while neither treatment regiments were able to prevent accumulation of its disulfide, GSSG (Fig. 4b) . Despite having no effect on GSSG, treatment with atropine, diazepam and AEOL10150 was able to significantly improve the SE-induced depletion of overall GSH:GSSG relative to atropine and diazepam (Fig. 4c) . Both atropine and diazepam and atropine, diazepam and AEOL10150 treatment regiments were able to significantly attenuate SE-induced protein nitration (p < 0.001; Fig. 4d ).
To ascertain whether treatment with AEOL10150 had any effect on neuropathological outcomes, neuronal loss and microgliosis were evaluated via FJB and IBA1 immunofluorescence, respectively. Staining was evaluated in hippocampal areas CA3 and hilus 24 h after scopolamine, pilocarpine, diazepam and AEOL10150 treatment. CA1 was not included in analysis because it did not show any difference in fluorescence intensity when compared to control. Treatment with AEOL10150 starting 90 min after pilocarpine injection significantly attenuated SE-induced neuronal loss in the CA3 (p < 0.05; Fig. 5a ) but not hilar region of the hippocampus (p > 0.05; Fig. 5b ). Microgliosis was significantly attenuated by AEOL10150 treatment in the hilar region (p < 0.05; Fig. 5c ) but not the CA3 region (p > 0.05; Fig. 5d ).
Discussion
Using a catalytic antioxidant, we have shown that pharmacologically targeting oxidative stress can reduce mortality associated with SE produced by pilocarpine, a nerve agent surrogate. The greatest reduction in pilocarpine-associated mortality was observed when AEOL10150 was used in conjunction with atropine and diazepam. This was also the treatment paradigm that resulted in the greatest attenuation of oxidative stress. Treatment with AEOL10150 resulted in modest improvements in neuronal loss and microgliosis in the hippocampus. Taken together, the data suggest a novel target to reduce mortality and improve neurological outcomes associated with SE.
Increasing evidence suggests that SE is associated with oxidative stress in the brain [17, 24, 27, 28] . Indeed, the data presented here suggest that SE results in oxidative stress as indicated by significant alterations in the glutathione redox status and increased protein nitration at both 24 and 48 h following pilocarpine administration. Organophosphates such as diisopropyl fluorophosphates (DFP) and malathion are also considered surrogate nerve agents due to their effects on the cholinergic system resulting in SE. Studies have shown that SE induced by these compounds is also sufficient to increase markers of oxidative stress suggesting that SE and not the inciting compound is responsible for increased oxidative stress in the brain [29, 30] . Although most people who have experienced SE do not die during the event, the highest mortality is typically [31] . Previous research has shown that glutathione redox status alterations and mitochondrial oxidative stress persists when measured up to 3 months after SE [32, 33] . The current study only evaluated oxidative stress and mortality up to 2 days after SE and oxidative stress was present at both 24 and 48 h while mortality was greatest in the first 24 h after SE. Treatment with AEOL10150 was able to significantly reduce mortality suggesting that oxidative stress may play an underlying role in acute SE-associated death.
Treatment with AEOL10150 as well as scopolamine or atropine and diazepam was able to provide the most protection against SE-induced mortality. Both scopolamine and atropine act to reduce SE-associated damage and likely mortality by blocking muscarinic cholinergic receptors within the nervous system and reducing SE duration and intensity [8] . Treatment with diazepam improves mortality in much the same way, by activating GABAergic receptors and reducing SE duration and intensity [9] . Duration of SE is a significant predictor of morbidity and mortality therefore quick treatment with atropine or scopolamine and diazepam would be expected and indeed has been shown to improve mortality and secondary consequences compared to no treatment at all [8, 34] . The greater ability of atropine to protect against mortality relative to scopolamine when used in conjunction with diazepam may be related to atropine's greater ability to pass the blood brain barrier than scopolamine hydrobromide [35] . Indeed, treatment with atropine and diazepam protected the glutathione redox ratio in the hippocampus approximately three-fold better than did scopolamine and diazepam. Addition of AEOL10150 to treatment with atropine and diazepam was able to improve the glutathione redox status four-fold relative to treatment with scopolamine, diazepam and AEOL10150. AEOL10150 itself, does not have any direct effects on the intensity or duration of SE [17] . Therefore improvement in the glutathione redox status may provide a Fig. 4 Indices of oxidative stress in rats treated with pilocarpine, atropine, diazepam and AEOL10150. a GSH, b GSSG, c GSH/GSSG ratio and d 3-NT/ tyrosine in the hippocampus of rats 24 h after either pilocarpine alone w/o atropine (atr) and diazepam or in the presence of AEOL 10150 (5 mg/kg) starting 60 min after SE and continuing every 4 h. a p < 0.05 versus control, b p < 0.05 versus pilocarpine-treated rats, c p < 0.05 versus pilocarpine + atropine + diazepam treated rats possible rationale as to why mortality was completely prevented upon treatment with atropine, diazepam and AEOL10150.
Oxidative stress can cause free-radical induced damage to proteins, lipids and DNA as well as inflammation and neurotoxicity. This is particularly the case when levels of GSH are altered, as it functions as one of the primary antioxidants responsible for free-radical detoxification. One important consequence of altered GSH levels is activation of cell death cascades [36] . Indeed, we demonstrate that alterations in GSH redox status are sufficient to contribute to SE-induced neuronal loss. Additionally nitration of tyrosine is considered an indicator of cell damage and inflammation and this marker was significantly attenuated with AEOL10150 treatment [37] . After nerve agent exposure, oximes and anticholinergics can mitigate direct toxicity but seizure activity and its consequences such as neuronal damage and neuroinflammation are major sequalae. Therefore, individuals who survive the initial exposure are at risk for secondary damage and cognitive dysfunction. We have previously shown that treatment with AEOL10150 is neuroprotective and provide further evidence here that delaying treatment with AEOL10150 up to 90 min following pilocarpine administration provides some protection against neuronal loss and microglial activation in areas of the hippocampus, which is a brain region known to be highly epileptogenic and a known target of SE-induced neuronal injury [17] . Initiating treatment at an earlier timepoint may provide more protection to all areas of the hippocampus which may have functional effects in improving learning and memory. Based on this data, it appears that AEOL10150 can significantly attenuate mortality as well as secondary SE mediated sequalae such as oxidative stress, neuroinflammation and neuronal injury.
